Background
Oxycodone is a semisynthetic opioid derived from thebaine and is an opioid-receptor agonist used to provide analgesia to patients [1] . It has been in clinical use since 1917 [2] and is recommended for the treatment of moderate to severe pain [3] , although it may not be effective in the treatment of some painful conditions, such as diabetic neuropathy [4] . The molecular structure of oxycodone contains two planar rings, two aliphatic rings, and four chiral centers. Oxycodone molecules can form up to 16 stereoisomers and are not highly lipophilic [1, 5] .
Oxycodone provides a similar level of analgesia as morphine, but has an increased bioavailability and half-life, prolonging the analgesic effect [6] . Compared with morphine, patients taking oxycodone experience a reduced frequency of side effects, particularly delirium [3, 7, 8] . This is thought to be due to the fact that the accumulation of morphine metabolites in patients can lead to toxicity [9] , while this is not the case for oxycodone. These characteristics can make oxycodone a preferable option for analgesia in patients. However, like other opioids, oxycodone and its active metabolite oxymorphone are liable to abuse and can lead to opioid dependence [10] . Indeed, oxycodone has been found to have an abuse liability similar to that of heroin [11] .
Pharmacokinetics
Oxycodone can be administered in a number of different forms, including orally, rectally, intravenously, and as an epidural. Some studies have observed differences in oxycodone pharmacokinetics between different administration forms [12, 13] , including that intravenous oxycodone has a greater area under the curve (AUC) than oral or rectal administration, whereas others have found that the pharmacokinetics or pharmacodynamics of oral, rectal, and intravenous oxycodone are similar [14, 15] . Regardless of the method of administration, the pharmacokinetics of oxycodone is dose-independent [16] .
Delivering oxycodone as an epidural has been shown to be especially effective in providing analgesia. Cerebrospinal fluid (CSF) samples from patients receiving an oxycodone epidural show that the AUC of oxycodone was significantly higher than in CSF samples from patients receiving intravenous oxycodone [17] . Oxycodone concentrations in the CSF of epidural patients were 1000-10 000 times higher than that of oxymorphone, suggesting that oxycodone provides the majority of the analgesic effect in these cases. Patients receiving an oxycodone epidural also required less rescue analgesia than those receiving intravenous oxycodone.
To reduce the abuse potential of immediate-release tablets, oxycodone is available in a controlled-release tablet form. Controlled-release oxycodone has a similar AUC to the immediate-release form, but a smaller C max and later T max [18, 19] . However, it should be noted that controlled-release oxycodone can be tampered with; hence, it does not completely eliminate the risk of abuse [20] . Both immediate-release and controlled-release oxycodone reach steady-state concentrations after 24 h of dosing [19] and taking oral oxycodone with or without food has little impact on the drug's pharmacokinetics or pharmacodynamics [18, 21] .
The age of a patient taking oxycodone can have a substantial impact on their exposure to the drug. The clearance of oxycodone decreases as patients age, prolonging the half-life [22] . Pediatric patients exhibit a 20-40% increase in oxycodone clearance compared with adults [23, 24] , whereas studies in elderly patients have found that plasma concentrations, AUC, and half-life of oxycodone are increased compared with younger patients [25] [26] [27] [28] . Exposure to the inactive metabolite noroxycodone is also increased in elderly patients [25, 28] .
Neonates and infants are an exception to this general trend, as oxycodone clearance increases with age in the first 6 months following birth [29] [30] [31] . In addition, in-vitro studies of hepatocytes from neonate, infant, pediatric, and adult populations found that fewer metabolites of oxycodone are seen in samples from patients younger than 6-months old [24] , indicating that metabolism of oxycodone is not fully matured within this age group. This reduced clearance puts young infants at an increased risk of adverse side effects [31] .
A study of oxycodone pharmacokinetics in women in labor and neonates found that pregnant women had a greater clearance, a lower volume of distribution, and a shorter elimination half-life compared with women who were not pregnant. Oxycodone concentrations in neonates were similar to maternal concentrations, indicating that maternal plasma concentrations of oxycodone can be used to predict fetal exposure. Neonates had only minor exposure to oxycodone metabolites, suggesting that the parent drug can cross the placenta more efficiently than its metabolites [32] .
The clearance of oxycodone is severely decreased in patients with impaired liver function, with patients awaiting a liver transplant excreting more unchanged oxycodone than after they had received a transplant. Following liver transplantation, oxycodone pharmacokinetics was similar to values seen in healthy adults [33] . Cancer patients with cachexia also have an increased exposure to both oxycodone and its active metabolite oxymorphone [34] . This is thought to be due to a reduction in CYP3A4/5 enzyme activity, discussed in more detail in the 'Metabolism' section below.
Absorption and distribution
Oral oxycodone has a bioavailability of 60-70%, with little difference in bioavailability between different forms of orally administered oxycodone (e.g. tablet, capsule, liquid) [27, 35] . Assessment of intranasal and sublingual absorption of oxycodone has found that bioavailability of these forms is low, potentially because of the low lipophilicity of the oxycodone molecule (P app = 0.7) [5, 36, 37] . Absorption of oxycodone is higher in females than in males and increases with age [38] .
Once absorbed into the blood, oxycodone is between 38 and 45% protein bound [5, 39] . The vast majority of this binding is to albumin, with some additional binding to α1-acid glycoprotein (5-10% of the total protein-bound fraction) [39] . Figure 1 depicts the metabolism of oxycodone in hepatocytes. Oxycodone is primarily metabolized in the liver by CYP3A4/5, which mediates the N-demethylation of oxycodone to noroxycodone. Around 45% of a total dose of oxycodone is metabolized through this pathway [13, 16, 28, 40, 41] . Some noroxycodone is also produced as a result of first-pass metabolism by CYP3A4/5 in the intestine [13, 35] . Noroxycodone is considered to be inactive; when noroxycodone formation is blocked by the inhibition of CYP3A4/5, the analgesic effect of oxycodone is increased [42, 43] .
Metabolism
A further 19% of the total dose of oxycodone undergoes O-demethylation in the liver to form the active metabolite oxymorphone, a reaction catalyzed by CYP2D6 [16, 40, 41, 44] . Like its parent drug, oxymorphone also exerts an analgesic effect on the body [45] [46] [47] [48] and is considered to be more potent than morphine while causing fewer side effects [49, 50] . However, other work has found it to be a weaker analgesic than oxycodone [51] . Oxymorphone can be directly administered to patients to provide analgesia and has been shown not to inhibit or induce CYP2C9 or CYP3A4 activity. This makes oxymorphone an attractive option for analgesia in patients taking multiple medications as the number of potential drug-drug interactions is reduced [52] .
Both of oxycodone's primary oxidative metabolites, oxymorphone and noroxycodone, are further metabolized to form the secondary metabolite noroxymorphone. The O-demethylation of noroxycodone to noroxymorphone is mediated by CYP2D6, while both CYP3A4 and CYP2D6 are able to catalyze the N-demethylation of oxymorphone to noroxymorphone [40] .
A number of studies have investigated the effects of inhibition or induction of CYP2D6 and CYP3A4/5 on oxycodone metabolism. Inhibition of CYP2D6 by quinidine in healthy individuals blocked the production of the active metabolite oxymorphone and increased the AUC of oxycodone [53] . Interestingly, these pharmacokinetic changes did not appear to have an impact on the results of psychomotor tests or subjective symptoms reported by the individuals, although potential impacts of CYP2D6 inhibition on the analgesic effects of oxycodone and oxymorphone were not investigated [53] . A case report of a patient prescribed oxycodone along with the CYP2D6 inhibitor fluoxetine described how the patient's oxycodone dosage increased to overcome the inhibition effects of fluoxetine [44] .
Some studies of the effects of CYP2D6 inhibition by paroxetine did not find any changes in the pharmacokinetics or clinical effects between oxycodone alone and co-administration of oxycodone and paroxetine [54, 55] , whereas other studies have found that co-administration of paroxetine increased the AUC of noroxycodone and reduced the formation of oxymorphone and noroxymorphone, although it is unclear whether this had any impact on oxycodone-induced analgesia [25, 56] .
Inhibition of CYP3A4/5 by numerous drugs, including antifungal agents and some antibiotics, reduces the formation of noroxycodone, increasing oxycodone exposure and causing the metabolism of oxycodone to shift toward the CYP2D6-mediated formation of oxymorphone [25, 42, 55, [57] [58] [59] . This increased exposure to oxycodone and its active metabolite can lead to an increase in clinical effects of the drug, including increased analgesia [42, 43] . Conversely, CYP3A4/5 induction by drugs such as rifampin and carbamazepine decreased the AUC and bioavailability of oxycodone and oxymorphone and, in most studies, also decreased drug effect, including analgesia [25, 35, 60, 61] . However, another study found no change in the effects of oxycodone when CYP3A4/5 is induced [62] .
Inhibition of both CYP2D6 and CYP3A4/5, for example by concomitant use of paroxetine and itraconazole, increases exposure to oxycodone in individuals while reducing the concentrations of the oxidative metabolites noroxycodone, oxymorphone, and noroxymorphone. However, no significant change in the pharmacological response was observed, suggesting that oxycodone provides the majority of the drug activity [54, 56, 63, 64] .
Oxycodone, oxymorphone, and noroxycodone can all undergo reduction or glucuronidation to produce other metabolites. 6-Keto reduction of oxycodone, oxymorphone, and noroxycodone forms oxycodol, oxymorphol, and noroxycodol, respectively. Each of these reductive metabolites has two stereoisomers, labeled as α and β [16, 65] . The majority of oxycodone glucuronidation is carried out by UGT2B7 and UGT2B4 [41, 65] , while the majority of oxymorphone molecules are glucuronidated by UGT2B7 to form oxymorphone-3-glucuronide [16, [66] [67] [68] . It is currently unclear how glucuronidation of noroxycodone is catalyzed.
The pharmacokinetics of oxycodone metabolism differs between males and females. Females have been found to have lower serum concentrations of the active molecules oxycodone and oxymorphone and higher concentrations of CYP3A4/5-derived metabolites than males [28, 38, 69] . It has been suggested that this is because of CYP3A4/5 having a higher activity in females than males [69] ; however, no work has been carried out to determine whether this change in pharmacokinetics affects the achievement of analgesia in females compared with males.
Excretion
Approximately 72% of an oxycodone dose is excreted in the urine; 8% as oxycodone, 47% as oxidative metabolites, and 18% as reduced metabolites [13, 16] . At the time of writing, it is not known how the remaining 28% of the original dose is excreted. In all, 97% of excreted oxycodone is unconjugated [70] . Of the oxidative metabolites, 93% of oxymorphone is excreted in its glucuronidated form, whereas noroxycodone is mostly unconjugated when excreted [13, 70] . When oxymorphone is administered directly to an individual, only 50% of the dose is excreted in the urine. Overall, 44% of the original dose is excreted as oxymorphone-3-glucuronide with the remaining 6% excreted as unchanged oxymorphone or as reduced metabolites [70, 71] .
The elimination of oxycodone and its metabolites is impaired in cancer patients with kidney dysfunction [72] , potentially increasing oxycodone exposure [1] . However, a study of oxycodone pharmacokinetics in premature babies with immature renal function found that clearance of oxycodone was not affected [29] .
Pharmacodynamics
Oxycodone and oxymorphone act on opioid receptors in the brain and the dorsal horn of the spinal cord [73] . Despite its low lipophilicity, current evidence from work in rats and sheep suggests that oxycodone is capable of crossing the blood-brain barrier without the need for an active transporter, such as p-glycoprotein [74] . Indeed, inhibition of p-glycoprotein in rats had no discernable effect on oxycodone's ability to cross the blood-brain barrier and provide analgesia [75] .
There are suggestions that an active transporter may be involved in the ability of oxymorphone to cross the blood-brain barrier in rats [76] . This transporter is unlikely to be p-glycoprotein (coded for by the gene ABCB1), as in-vitro work has shown that oxymorphone is neither a substrate nor inhibitor of p-glycoprotein [77] . In the cases of both oxycodone and oxymorphone, further work is needed to establish whether these observations made in animal models are applicable to humans.
Once inside the brain, oxycodone binds the μ-opioid receptor (MOR) with 95.7% relative affinity [16] . Oxycodone exhibits only minimal binding at the κ-opioid and δ-opioid receptors (KOR and DOR) [16] . Oxymorphone has a greater binding affinity to MOR than oxycodone, whereas noroxycodone and the reduced metabolites, α-oxycodol and β-oxycodol, have reduced binding affinities to MOR compared with oxycodone [16] .
Research investigating the ability of oxycodone and its metabolites to cause activation of the G-proteins coupled to MOR in vitro has found that oxycodone is a partial agonist, with oxymorphone showing 30-to 40-fold greater potency than the parent drug [16, 78] . Noroxycodone, which is considered an inactive metabolite, is less potent than oxycodone [78] . The fact that oxycodone is capable of G-protein activation supports the idea that oxycodone does not need to be bioactivated to be an effective analgesic [78] .
Despite the fact that oxymorphone is an active analgesic, the results of some studies suggest that the analgesic effect of oxycodone is almost completely derived from the parent drug. As mentioned previously, inhibition of both CYP2D6 and CYP3A4/5 did not significantly affect the clinical effects of oxycodone [54, 56, 63, 64] , while Klimas et al. [79] have calculated that, following oxycodone administration, oxymorphone concentrations at MOR are too low to provide a substantial analgesic effect and that oxycodone provides 83-95% of analgesia. However, this is contradicted by reports of patients with the CYP2D6 poor metabolizer (PM) phenotype, who were unable to achieve sufficient analgesia using oxycodone [7, 80, 81] , discussed in further detail in the 'Pharmacogenomics' section. These reports imply that the CYP2D6-mediated metabolism of oxycodone to oxymorphone is involved in the analgesic effect of oxycodone.
Andreassen et al. [82] found that increased oxymorphone concentrations in patients were correlated with an increase in pain intensity. This is thought to be because of patients with more severe pain taking an increased dose of oxycodone, thereby raising the concentrations of oxycodone metabolites, including oxymorphone, rather than oxymorphone having a noxious effect on patients. Further study is merited to resolve this discrepancy about the underlying biochemistry of oxycodone analgesia in the published literature.
Pharmacogenomics
CYP2D6 has been the focus for much of the pharmacogenetic work on oxycodone. In contrast to the welldefined impact of CYP2D6 variants on the metabolism of the opioids codeine and tramadol [83, 84] , the effects of CYP2D6 phenotypes on oxycodone are less clear and the evidence is contradictory. It has been suggested that patients who are CYP2D6 PMs and are also taking a drug that inhibits the activity of CYP3A4/5 may have a substantially increased exposure to oxycodone and a risk of oxycodone toxicity as they are less able to metabolize oxycodone through the CYP2D6 route [43] .
There is a correlation of ethnicity to allelic variation of cytochrome P450 genes, including CYP2D6. Although race is a social construct, some African ethnic groups appear to have a higher frequency of CYP2D6 decreasedfunction or nonfunctional alleles, which can contribute to a PM phenotype, as compared with Asian and White groups. As examples, the decreased-function CYP2D6*17 and *29 alleles have been reported at increased frequencies in certain African populations. CYP2D6*17 has been found at a frequency of 34% in a Zimbabwean (Shona) population compared with frequencies of 0-0.9% in Asian and White populations, whereas CYP2D6*29 has been reported at a frequency of 20% in a Tanzanian population compared with a low frequency of 0% in Asian and White populations [85] .
In addition, the nonfunctional CYP2D6*3 allele has been reported at frequencies of 0-9% in African populations (9% in a Zimbabwean San population) compared with frequencies of 0-3.5% in Asian and White populations [85] . Lower CYP2D6 activity has also been observed in the US populations of predominantly African descent [86] , in part attributable to the previously described variant alleles occurring at a higher frequency in this population compared with the US populations of predominantly European descent [86] .
A number of case studies and observations made in publications suggest that a patient's CYP2D6 metabolizer status may affect their response to oxycodone. There are reports of CYP2D6 PMs who were not able to sufficiently control their pain using oxycodone or required an increased dose of oxycodone compared with other metabolizer phenotypes [7, 80, 81] . Furthermore, patients identified as CYP2D6 ultrarapid metabolizers (UMs) appear to experience a greater analgesic effect from oxycodone than CYP2D6 PMs [87, 88] . CYP2D6 UMs have also been found to have increased exposure to oxymorphone compared with other metabolizer phenotypes [26, 59] and there are multiple reports of CYP2D6 UMs experiencing adverse drug effects as a result of taking oxycodone [87, 89] .
As discussed previously, these observations appear to contradict the assumption that oxymorphone does not make a significant contribution to oxycodone-induced analgesia. However, it should be emphasized that the majority of this evidence is based on observations made in either case reports or during the course of research studies rather than conclusions from fully analyzed datasets. It is also important to note that other studies, including large, multicenter studies, have found no difference in oxycodone exposure or response to oxycodone between CYP2D6 metabolizer phenotypes in both adult and pediatric patients [90] [91] [92] [93] .
On the basis of this evidence, the Royal Dutch Pharmacists Association -Pharmacogenetics Working Group (DPWG) has issued guidelines for prescribing oxycodone with regard to a patient's CYP2D6 metabolizer phenotype, in which they recommend that CYP2D6 UMs, intermediate metabolizers and PMs are prescribed an alternative analgesic [94, 95] . There is currently insufficient data for the group to recommend adjusting dosage of oxycodone for different CYP2D6 phenotypes. An annotated version of these guidelines can be found on the PharmGKB website at https://www. pharmgkb.org/guideline/PA166104973.
A clinical study by Jannetto and Bratanow attempted to use pharmacogenetics to inform prescription of opioids, including oxycodone. Although they saw no correlation between the steady-state concentration of oxycodone and CYP2D6 genotype, they subsequently discovered that the two CYP2D6 PMs in their study cohort had not adhered to the dosing schedule, which would have affected the results [96] .
A study of opioid addiction, including patients using oxycodone, in different CYP2D6 metabolizer phenotypes has indicated that CYP2D6 PMs may have a degree of protection against opioid addiction [97] . In the case of oxycodone, it is suggested that CYP2D6 PMs are less able to produce oxymorphone and experience a reduced effect of oxycodone [97] . This would appear to contradict the notion that the majority of the effects of oxy codone are mediated by oxycodone itself rather than oxymorphone.
The authors also suggest that CYP2D6 UMs may also be partially protected from oxycodone dependence as they metabolize oxycodone too quickly to experience a positive reinforcing effect [97] . This hypothesis is partially supported by a mathematical model, which shows that CYP2D6 PMs have a reduced risk of becoming dependent on oxycodone [98] .
As with CYP2D6, allelic variation in CYP3A4/5 in also correlated with ethnicity. Studies have shown a significantly higher incidence of CYP3A4*1B allelic frequency in populations of African descent (African 66-86%; European 2-4%, Asian 0%) [99, 100] . This allele is thought to increase expression of the CYP3A4 enzyme, leading to increased enzyme activity [101] . In the case of oxycodone, CYP3A4 UMs may have higher rates of poor analgesia because of the increased formation of the inactive metabolite noroxycodone. More study is needed to correlate CYP2D6 and CYP3A4/5 activities and clinical effects of oxycodone in subpopulations with increased frequencies of alleles that confer decreased or increased function.
Research investigating the effect of the nonfunctional CYP3A5*3 allele on oxycodone pharmacokinetics has found that the *3 allele has no effect on concentrations of oxycodone compared with patients who carried at least one CYP3A5*1 allele [90, 102] . However, there is conflicting information about whether the *3 allele affects noroxycodone plasma concentrations following administration of oxycodone [90, 102] . One study also found that the *3/*3 genotype was associated with increased oxycodone dose escalation [102] , the reasons for which are not known at this time.
A study in Han Chinese patients with cancer pain observed a slight association between the TT genotype at rs7439366 in UGT2B7 and a reduced analgesic response to oxycodone compared with patients with the CC genotype (P = 0.047). However, this genotype had no impact on the dosing needs of patients. In addition, the CYP3A4*1G allele was found to have no effect on oxycodone dosage or analgesic response in these patients [103] .
Other pharmacogenetics work has investigated the impact of variants in the transporter ABCB1 and the μ-opioid, κ-opioid, and δ-opioid receptors, coded for by the genes OPRM1, OPRK1, and OPRD1, respectively. The variant rs1045642 in ABCB1 has been found to have no effect on oxycodone pharmacokinetics or analgesia [102, 104, 105] , although one study found that carriers of the C allele at rs1045642 experienced more pronounced side effects than carriers with the T allele [104] . The T allele of rs2032582 in ABCB1 is associated with increased central nervous system depression in mothers of neonates [106] and an increased frequency of adverse drug reactions in healthy individuals [104] . However, conflicting evidence is given for its association with response to oxycodone in terms of pharmacokinetics and analgesia [104, 105] .
There is an evidence that the G allele at the SNP rs1799971 in OPRM1 is associated with lower pain tolerance thresholds and an increase in oxycodone dosage is required to achieve analgesia compared with the AA genotype [104, 107, 108] , while other work has found no link between rs1799971 and response to oxycodone [105] . rs589046, rs9479757, rs533586, and rs563649 in OPRM1 in addition to rs419335 and rs2234918 in OPRD1 are also associated with response to oxycodone in healthy volunteers under experimental pain conditions [108] .
It should be noted that there is conflicting evidence with regard to the association between rs1799971 and response to opioids more generally and it is possible that the nature of this association is dependent on both the specific opioid being used and the clinical context in which it is being used. While one meta-analysis looking at consumption of postsurgical opioids found that, similar to the oxycodone studies, the GG genotype is associated with increased opioid dosage [109] , a meta-analysis of response to fentanyl in women in labor found that the G allele was associated with improved response to fentanyl [110] .
Conclusion
There is still a great deal of uncertainty about many aspects of the pharmacokinetics and pharmacodynamics of oxycodone, chief among them being the relative contributions of oxycodone and oxymorphone to the overall analgesic effect and how the effects of oxycodone are modulated by polymorphisms in pharmacogenes. Many of the pharmacogenomic studies discussed here were carried out in White populations or in cohorts where White patients formed the overwhelming majority. There is, therefore, a pressing need for large-scale clinical studies to be carried out in ethnically diverse populations to clarify how CYP2D6 and CYP3A4/5 genotypes impact the effectiveness of oxycodone as an analgesic, particularly within the current context of the opioid crisis. The results of these studies could better inform analgesic selection, as in the DPWG guideline, or oxycodone dosing for patients.
